Autism spectrum disorder (ASD) is a common neurodevelopmental condition with approximately 1-2 per cent prevalence in the population. The condition has lifelong effects for the individual and family, and early intervention and management helps maximise quality of life and outcomes. Many studies of vision in ASD have attempted to link the behavioural and sensory deficits in ASD with underlying visual processing. From this work, it is clear that individuals with ASD 'see' and process the world differently, but there remain gaps in our understanding. This review will summarise our current knowledge of key aspects of visual functions and the optometric profile of ASD. This includes findings regarding visual acuity and contrast sensitivity, refractive error, eye movements, binocular vision, near visual functions and retinal structure in ASD. From this, a pattern of knowledge emerges for children with ASD: we should expect normal visual acuity; there will likely be atypical eye movements and susceptibility for subtle visuo-motor deficits, there is an increased prevalence of strabismus; an increased likelihood of astigmatism and possibly other refractive errors; attention, crowding and task complexity will likely be problematic; and retinal structure and function may be compromised. Bringing this together, these findings highlight that further work is necessary, not only to understand how higher-level functions link to behaviours, but also to ensure there is a sound understanding of the building-blocks of vision to fully grasp the profile of visual processing as a whole in ASD. This review will give a translational viewpoint for clinicians, and underline the benefits of comprehensive vision care in ASD.
diagnostic manuals form the basis for diagnostic tools, such as the Autism Diagnostic Observation Schedule, 4 which clinicians use as a framework to aid their diagnosis. To promote the best outcomes for a child with ASD requires early intervention and management, but this remains a lifelong condition that affects the individual and family. 5, 6 In this review, ASD will be used throughout as an umbrella term encompassing what may have been described within studies as those with 'autism', 'high-or low-functioning autism' or 'Asperger's'. For the future, it is worthwhile to note that the term autism spectrum condition may emerge as a preferred expression for ASD.
AETIOLOGY
The aetiology of ASD remains unknown, with many studies emphasising genetic causes, and others highlighting potential epigenetic and environmental factors. [7] [8] [9] Findings from twin studies and genomewide association studies, 10, 11 and the fact that ASD is up to four times more commonly diagnosed in males, 12 highlight the strong genetic component to the condition. However, it is recognised that environmental influences, such as prenatal infection, 13 zinc deficiency, 14 gastrointestinal difficulties 15 and increasing paternal age 16, 17 are also risk factors in the development of ASD. Overall, the complex inheritance pattern and possible genetic mutations can combine with environmental factors to yield varying expressions of ASD. 18 For further reading on this and the neurobiological profile of ASD, see the recent review of Bakroon and Lakshminarayanan. 19 
PREVALENCE
The prevalence of ASD is reported as approximately one per cent in UK populations. 20, 21 Recently, Christensen et al., 22 in a large-scale study in the USA, reported a higher prevalence of one in 68 children (1.5 per cent), and May et al. 23 found a 2.4 per cent parent-reported prevalence in a nationally representative sample of children in Australia born in 1999/2000. Indeed, the past 20 years have seen a significant shift in the awareness of autism and demands on community services and interventions. Consequently, there is some controversy in the literature as to whether the prevalence of ASD is increasing, with studies such as Van Naarden Braun 24 reporting with ASD have unique traits and profiles, ASD is the most common disorder for children in special educational schools, either as a primary or secondary diagnosis. 25 While the prevalence of ASD in males is higher, more recent research suggests that it is possible that females are underdiagnosed as they may present the autistic phenotype differently from males.
HIGHER VISUAL FUNCTIONS
Over the years, there has been a body of work investigating higher visual functions and aspects of visual perception in ASD. This has in part contributed to the frameworks for explaining the underlying neurodevelopmental deficits in ASD. Such work is important to contribute to the understanding of perceptual issues as they directly influence the key behavioural characteristics that describe and define ASD.
Abnormal visual perception in ASD has been extensively documented, with visual search tasks revealing an apparent enhanced local performance at the expense of global processing. Other studies report enhanced ability in embedded figure tasks, being less susceptible to visual illusions, and very good task performance finding objects hidden within patterns. [26] [27] [28] [29] This has led to a number of perceptual frameworks being proposed, including the weak central coherence theory, 30 neural noise theory 31 and enhanced perceptual learning. 32 Motion processing has also been used in many studies as a means to evaluate global processing, and individuals with ASD have been shown to have poorer performance in motion perception, biological motion perception and also facial recognition. [33] [34] [35] [36] [37] [38] The majority of studies have demonstrated relative impairment in facial emotion recognition, especially with increasing complexity. 39 , 40 Atkinson 41 describes this pattern of deficits in global/motion processing as 'dorsal stream vulnerability', and notes that many neurodevelopmental disorders have similar discrepancies. For further reading, Simmons et al. 42 conducted a comprehensive review of visual perception in ASD.
Through this body of work, the general consensus is that individuals with ASD 'see' the world differently, possibly with a local bias at the expense of global processing. This could be summarised as demonstrating a heightened sensitivity to local, detailed features with relative weakness in recognising the overall form, meaning or context of a stimulus, although D'Souza et al. 43 cautioned that such classification is not true for all tasks in ASD and warned that this is a potential over-simplification of performance. A recent meta-analysis 44 However, others suggest deficits in visual attention, examined through fixations, and eye movements, 45 may point to an earlier issue of deficits in attentional control giving rise to other dysfunctional behaviours, such as lack of gaze-following and joint attention.
Studies describing behaviour in ASD commonly report hypo-or hyper-sensitivity to certain stimuli, situations or environments, and up to 95 per cent of parents report an atypical sensory behaviour in their child with ASD. 46 This exhibits in avoidance or seeking out types of visual stimulation, aversion to smells or colours, and seeming indifference to pain. This review will focus on current knowledge of clinically relevant aspects of visual function in ASD. It is fair to note that there has been less focus on these aspects, and yet many other neurodevelopmental disorders and intellectual disabilities have notable deficits in visual acuity, increased prevalence of refractive errors, optic nerve hypoplasia, and problems with accommodation.
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VISUAL ACUITY
Visual acuity remains a fundamental clinical descriptor of how well our visual system can resolve and recognise a detailed target. Good visual acuity implies adequate optical clarity and typical photoreceptor (cone) arrangement at the fovea. There are a number of studies that have measured visual acuity in ASD using appropriate methods, [52] [53] [54] [55] [56] [57] and these data are summarised in Table 1 . Apart from Milne et al., 53 the majority of studies did not find a significant difference in visual acuity in ASD.
Key drawbacks in these data include that the majority report presenting visual acuity, rather than best-corrected visual acuity, and also the sample size and selection of high-functioning participants limits the capacity to apply these visual acuity measurements to clinical norms. However, Tavassoli et al. 54 measured presenting and best-corrected visual acuity in 20 highfunctioning adults with ASD (mean age 30, standard deviation AE10 years) and did not find any difference between bestcorrected visual acuity compared with agematched controls. Furthermore, a recent larger study from our group 57 has added to this evidence base, reporting presenting and best-corrected visual acuity in a large sample of children with ASD (n = 113) that were recruited from a population-based register, with a diagnostic and educational profile representative of the ASD population. In our study, children were aged between six and 16 years of age and all were Caucasian.
From this body of work, children with ASD appear to have normal visual acuity. In other neurodevelopmental disorders and disabilities, poorer vision is a common finding, 48, [58] [59] [60] so it is clinically important to note that if reduced visual acuity is found in ASD, compared to age-matched normative data for the test used, then this warrants further investigation.
CONTRAST SENSITIVITY
Given the 'local perceptual bias' model for ASD, that is, the apparent ability to resolve small details from large displays, several authors have hypothesised that neural processing of spatial vision could be compromised (for example Dakin and Frith 61 ) or there could be a relatively heightened response to high spatial frequency information (for example Mottron et al. 32 ). The contrast sensitivity function, and its underpinning spatial frequency channels, are ideal to examine the integrity of low-level visual function. However, there are mixed reports in the literature, partly due to the wide variation in methods used to measure contrast sensitivity (see Koh et al. 62 for review).
Some studies have not found any difference in contrast sensitivity thresholds, 38, 63 while others such as Davis et al. 64 report reduced thresholds for high spatial frequency gratings. However, electrophysiological studies seem to show more agreement in reporting reduced function. [65] [66] [67] Jemel et al. 66 specifically looked at low (0.8 cpd), medium (2.8 cpd) and higher (8 cpd) spatial frequency performance over a range of contrast levels using visual evoked potentials with grating stimuli. They reported reduced contrast sensitivity to medium spatial frequency content in ASD compared with controls, and also that the ASD group demonstrated very similar responses to medium and higher spatial frequencies.
Conversely, the performance of their controls demonstrated a distinct difference in thresholds for medium and higher spatial frequencies (in accordance with spatial frequency channels), and they suggest that the lack of differentiation of performance between medium and higher spatial frequencies in the ASD group could indicate an altered functional segregation of these early visual channels. Pei et al. 67 also used steady-state visual evoked potentials and noted selective deficits in ASD performance at the second harmonic range of spatial frequencies (8-14 cpd), with normal performance at the fourth harmonic in 16 children with ASD (aged 5-17 years) compared to age-matched controls. They also reported hemispheric asymmetry in responses in their ASD participants, with a reduced right hemisphere response. They suggested this would agree with the right hemisphere of the brain being important for facial processing, and helps explain the problems that individuals with ASD are known to have in recognition of facial expressions.
Guy et al. 68 examined contrast sensitivity (using sinusoidal gratings from 0.5 to 8 cpd) in children with ASD (n = 34) between the ages of 6-16 years, and correlated performance with the age of the child. They reported a relative lack of sensitivity to mid-spatial frequencies (8 cpd) in ASD compared with age-matched controls, and also suggested that children with ASD have a different developmental trajectory for maturation and refinement of contrast sensitivity performance.
Another relevant study by Latham et al. 69 employed two Vernier tasks, one of which relied on contrast-dependent spatial filters, while the other was contrast invariant. Thus, each task is mediated by a different neural mechanism. They reported a difference in performance in those with ASD across these two Vernier tasks, with those with ASD having a strong correlation in threshold values for the two tasks, unlike controls, which demonstrated no relationship in threshold values. These authors postulate that enhanced local connectivity relative to lateral connectivity in ASD may provide an alternative strategy to conducting these tasks compared to controls.
While these studies do not converge on a simple spatial frequency deficit in ASD, they demonstrate that there are likely early visual sensory processing deficits associated with autism. This is particularly noted in the mid-spatial frequency range of the contrast sensitivity function, and some studies also measured high contrast resolution acuity (that is visual acuity), and report this is unaffected in ASD, supporting the clinical measures of visual function already discussed.
REFRACTIVE ERROR
Scharre and Creedon 52 assessed refractive error using the near retinoscopy technique in 34 participants with ASD aged between two and 11 years. The authors reported a significant refractive error in 44 per cent of participants; with nine per cent myopic (≥ 1.00 DS), 18 per cent hyperopic (≥ 1.00 DS), 18 per cent astigmatic (≥ 1.00 DC) and six per cent anisometropic (≥ 1.00 DS). However, the children were recruited from a special education school, and thus were a potentially biased sample. Additionally, Scharre and Creedon 52 employed noncycloplegic methods of refraction, which may underestimate hyperopia.
Recently Ezegwui et al. 70 reported refractive error status of 18 Nigerian children with ASD (age range 5-15 years) following cycloplegic retinoscopy. The authors reported astigmatism (≥ 1.00 DC) and hyperopia (≥ 1.50 DS) prevalence of 22 per cent and 11 per cent, respectively.
Retrospective evaluation of ophthalmology records from a practice in the USA by Ikeda et al. 71 reported refractive errors of 154 children with ASD. Age range was 1-12 years, with 75 per cent participants described as Caucasian and 19 per cent Black. Of the 154 children, 44 (29 per cent) were reported to have significant refractive error defined as spherical equivalent refractive error > 3.00 D hyperopia or myopia, astigmatism > 2.00 D or anisometropia > 1.50 D.
Kabatas et al. 72 retrospectively examined ophthalmological findings of 324 children with ASD in Turkey (aged 1.5-17 years, mean five years), and reported 22.5 per cent had significant refractive error. Black et al. 73 also retrospectively reported on refractive error status in 44 children with ASD (aged 2-20 years) attending a paediatric ophthalmologist and report that 27 per cent had significant refractive error necessitating spectacle prescription.
The latter three studies [71] [72] [73] used similar American Association for Pediatric Ophthalmology and Strabismus guidelines for prescribing spectacles for amblyopia, [74] [75] [76] and thus had a very conservative classification of refractive error, for example myopia was only classified if refractive error was greater than −3.00 DS (though Kabatas et al. 72 used greater than −1.50 D cut off for children over four years), thus missing lower levels of clinically significant myopia.
Again, work from our group endeavoured to use classifications that enabled comparisons with epidemiological studies of refractive error 77, 78 as well as the study control group. Refractive error was successfully measured with cycloplegic autorefraction in 104 participants with ASD aged between six and 16 years and compared them with age-matched controls. 79 Myopia was defined as greater than or equal to −0.50 DS, moderate hyperopia > 2.00 DS, astigmatism ≥ 1.00 DC and anisometropia > 1.50 DS. There was no significant difference in overall levels of hyperopia or myopia (by mean spherical equivalent or most ametropic meridian computation) between the two groups. However, astigmatism was significantly more frequent in ASD, with 25.7 per cent having astigmatic errors greater than or equal to 1.00 DC, compared with 8.4 per cent of controls.
Despite difficulties in direct comparisons between these studies, Figure 1 depicts the frequency of refractive errors between them. As mentioned, the first three studies indicated on the figure used conservative refractive error classifications based on spectacle prescribing criteria in children with amblyopia. While this approach is credible considering the retrospective review of clinical records, to report prevalence of refractive error in an epidemiological context, moderate levels of hyperopia and myopia should be captured, and the latter three studies in Figure 1 do this. Figure 1 reports the refractive classifications used in all the studies, and the final column cluster demonstrates the refractive findings from the typically developing comparison group in Anketell et al. 79 Despite differences in cycloplegic status and age range of subjects, these studies indicate that refractive errors are more common in ASD, and particularly there seems to be increased levels of astigmatic errors. This agrees with literature on other childhood genetic disorders, as higher prevalences of refractive errors and astigmatism have been reported in Williams syndrome 58, 60 and in those with intellectual disability. 59, 80 EYE MOVEMENTS Several reports have described atypical eye movement patterns demonstrated by individuals with ASD. 81, 82 Indeed, researchers have proposed that a lack of appropriate eye gaze and joint attention could be used as a biomarker for ASD diagnosis. 83 Eye movements and gaze direction are fundamental conveyors of social cues and determine how we interact with people and interpret emotions and behaviours.
Much of the body of research has studied eye movements in order to better understand facial processing difficulties in ASD, and a recent systematic review and meta-analysis confirmed a significant effect size for shorter gaze durations to the eye region in ASD. 84 However, visual attention, gaze direction and visual processing are interlinked, and while unusual eye gaze behaviour could be due to neurobiological factors that direct eye gaze, or deficits in the processing of visual stimuli and how attention is directed, it is also possible that oculomotor dysfunction could play a role in atypical eye gaze in ASD.
There are a few studies that have specifically examined eye movements in relation to oculomotor function. An early study by Rosenhall et al. 85 reported abnormal saccadic eye movements in ASD. Takarae et al. 86 conducted an in-depth investigation of pursuit eye movements to study brain connectivity in 60 adults with ASD and also reported atypical findings. Visual pursuit eye movements require temporally accurate integration of visual information across several brain areas to effectively track an object moving through space. However, the authors found an overall reduced functional connectivity in their ASD group, which they suggest is caused by lack of maturation of cortical networks in ASD, as opposed to a single area of the brain being identified as problematic.
Recently, Wass et al. 45 reported shorter fixation durations in children later diagnosed with ASD, and Schmitt et al. 87 reported impaired saccadic performance which they propose is a combination of brainstem and cerebellar deficits. While these studies provide some evidence of eye movement problems in ASD and its Vision in children with autism Little potential as a biomarker, there are inconsistencies in findings. As such, it is yet unclear whether intervention and training paradigms would improve such deficits, or whether underlying poor brain circuitry or problems with brain regions mean persistent eye movement problems remain.
STEREOPSIS AND OCULOMOTOR FUNCTION
Binocular vision enriches our visual world yielding information on depth, position and relative size. It requires both sensory and motor integration, with precise alignments of the eye required to ensure a 'single' visual image is perceived. The extra-ocular muscles produce vergence movements that control this. However, in childhood visual development, strabismus can arise which disrupts the parallel alignment of the eyes. It commonly occurs in conjunction with ametropia, anisometropia and amblyopia.
In typically developing children, the prevalence of strabismus is approximately 3-5 per cent, 88, 89 and in conditions such as Down syndrome and cerebral palsy, increases to 27-70 per cent. [90] [91] [92] [93] Some studies have stated that strabismus is higher in ASD, with Denis et al. 94 reporting 60 per cent prevalence of strabismus and Black et al. 73 41 per cent. However, both these were selected populations in ophthalmology clinics, reporting manifest strabismus with refractive correction in place, but could not be considered indicative of the general profile in ASD.
In our recent study, 95 population-based recruitment of a group of 124 children with ASD revealed 11 (nine per cent) had manifest strabismus, compared with 1.5 per cent of controls, when assessed with prism cover test during visual assessment by a single experienced clinician researcher. Six children had esotropia, four were exotropic and one individual with ASD had a hypertropia. It has previously been reported in the literature that exotropia is more common than esotropia in children with neurological or developmental disorders. 96 , 97 Phillips et al. 97 suggested the presence of an exotropia might be a 'soft' sign of neurological developmental conditions such as autism. Scharre and Creedon 52 employed the cover test to examine ocular Many of these studies likely overestimate strabismus due to selected and small samples, but Anketell et al. 95 used a prospective case control cohort study design of a large sample of children with ASD and agematched typically developing controls. While the researcher collecting data in visual assessments was not masked to the participant's diagnostic grouping, no analysis was conducted until all data were collected, and the use of prisms to measure eye movement on cover test minimises the subjectivity of this technique, thus limiting potential bias. Consequently, while further research would be valuable, these data indicate an increased prevalence of strabismus in ASD, and a conservative estimate would be a two-fold increase from typically developing populations.
Stereopsis is a measure of the 'acuity' of binocular vision, and there have been limited reports in ASD. Milne et al. 53 reported that only one ASD participant (out of 37 aged 8-18 years) had stereoacuity less than 120 seconds of arc using the Frisby stereotest. However, Black et al. 73 report that only 25 per cent of children with ASD (n = 44, aged 2-20 years) had stereoacuity of 40 seconds of arc on the Titmus test.
Using the Frisby stereotest, which has the advantage of not requiring the wearing of polarising or red/green filters, Anketell et al. 95 report nine per cent ASD participants (from n = 124, 6-16 years) had reduced stereoacuity (defined as > 85 seconds of arc 98 ), compared with four per cent of age-matched controls. Smith et al. 99 also recently reported 22 adults with ASD (16-34 years) had reduced stereoacuity compared with controls (TNO stereotest: ASD mean 72 seconds of arc, controls 36 seconds of arc [t [31, 169) = −1.8, p = 0.045]) in their investigation of the integration of disparity cues in ASD. Overall, these studies suggest there is a subtle reduction in stereoacuity in ASD.
In a recent study, Karaminis et al. 100 investigated binocular rivalry in ASD. Binocular rivalry occurs when the two eyes are presented with images that are not compatible, and to avoid confusion of this percept, visual perception oscillates between the two images from each eye, and may amalgamate for brief periods of time. Inhibition of visual information is required for binocular rivalry to occur, and some studies have reported that cortical inhibition is atypical in ASD, due to altered release and signalling of excitatory and inhibitory neurotransmitters. [101] [102] [103] Therefore Karaminis et al. 100 hypothesised that if there were an imbalance in the excitation/ inhibition neural mechanisms in ASD, then binocular rivalry would be altered. They investigated this in 16 children with ASD aged 7-14 years and typically developing age-and IQ-matched controls and reported that while there was no difference in the number of transitions of fixation between the ASD and control participants, children with ASD showed shorter durations of mixed percepts. They concluded that the dynamics of binocular rivalry are altered in ASD.
While no one neurobiological explanation, such as the inhibition/excitation model, has been established as an explanation of ASD function, much research has focused on perceptual models of function in ASD. Accordingly, this kind of study investigating neurobiological constructs is welcome to help explain and underpin these perceptual frameworks at a brain circuitry level.
NEAR VISUAL FUNCTION: ACCOMMODATION, CONVERGENCE AND PUPIL RESPONSE
There are three key elements that underpin effective near vision, namely accommodation, vergence and pupil responses. These act in concert to produce a clear and single visual image of a near object. Accommodative dysfunction is commonly reported in Down syndrome 104 and cerebral palsy. 105 The measure of accommodation can be conducted in a variety of ways, but dynamic retinoscopy offers the means to objectively assess the retinoscopic reflex for focusing distance, rather than relying on subjective perception of blur. Accordingly, our group used this technique to assess accommodative function in 124 children with ASD aged 6-16 years, 95 and found 17.4 per cent of children with ASD had a significant accommodative lag 106 relative to the control group (4.9 per cent).
Convergence is the ability of the extraocular muscles to exhibit appropriate vergence movements as a near target advances in proximity toward the person. The near point of convergence is a measure of the limit of this, and is a useful clinical measurement of oculo-motor control. Further, convergence insufficiency is readily amenable to treatment 107 and reduction in near vision symptoms. Milne et al. 53 reported a significantly more remote near point of convergence in their ASD group, and found there was a significant association between near point of convergence and low-and high-functioning ASD. Anketell et al. 95 also reported a slightly but significantly more remote near point of convergence in their ASD participants (median 5.7 cm compared to 5.0 cm for controls).
Pupil responses are an established means of assessing neurological function, and studies in ASD have shown a difference in the tonic pupil size, and less pupil dilation undertaking a cognitive activity compared to controls, indicative of atypical autonomic nervous symptom function. 108, 109 Conversely, a study investigating pupil responses in at-risk infants (10 months old with a sibling with ASD) actually noted a hyper-sensitive pupillary light reflex, which they reported as suggestive of early cholinergic disruption. 110 Taken together, these data indicate that while many children with ASD experience 'normal' binocular vision, there is an emerging pattern of subtle visuo-motor deficits in stereoacuity, accommodation and near point of convergence. These findings, coupled with atypical pupil responses and eye movements, mean that careful attention should be given to assessment of near visual function and binocularity.
RETINA FUNCTION AND STRUCTURE
Advances in ocular imaging, such as fundus photography and ocular coherence tomography, have recently enabled more detailed investigation of the retinal structure in ASD. This is of interest as the retina is a neural outpost of the brain, and the retinal layers may show susceptibility in this neurodevelopmental disorder. Additionally, the retina has the highest concentration of zinc in the human body, and zinc is necessary for good vision. 111 Individuals with zinc deficiencies have been shown to have impaired night vision and exhibit abnormal electroretinal responses. Lower zinc levels, a known environmental factor in ASD, 14 could therefore impact on retinal development.
Parr et al. 112 reviewed clinical records for 83 children, identifying a group of children Vision in children with autism Little with optic nerve hypoplasia or septo-optic dysplasia, and found that 31 per cent also had a clinical diagnosis of autism. This is supported by Chen et al. 113 who note that advances in genotyping will reveal that a number of apparently idiopathic cases of optic nerve hypoplasia likely have underlying genetic causes.
Emberti-Galleto et al. 114 examined retinal nerve fibre layer (RNFL) thickness using ocular coherence tomography (OCT) in a group of adults with ASD (n = 11) and Asperger's syndrome and found a reduction in the RNFL around the optic nerve head. Little et al., 115 captured OCT images of line and volume scans in 29 children with ASD and age-matched controls, and did not find any difference in overall retinal thickness in the area surrounding the fovea. However, on layer segmentation analysis there was thinning in the inner retinal layers approaching the optic nerve head in the ASD group. Quantification of the RNFL is showing promise as a marker of neuronal degeneration, and differences in RNFL thickness using OCT has been reported in ocular and nonocular diseases. 116, 117 However, further work is required in ASD to elucidate whether the RNFL or ganglion cell complex and inner plexiform layers could be a marker of neuronal dysfunction. 118 While it is as yet unresolved whether individuals with ASD have subtle abnormalities in retinal structure, it is interesting to note that recent OCT imaging in schizophrenia has reported altered retinal layer structure in this genetic disorder. 119, 120 Visual electrophysiology also provides valuable insight into retinal function. Recent work by Constable et al. 121 extends and confirms early findings 
DISCUSSION
This review has summarised some key aspects of visual function in ASD, and while there are gaps in research, most notably in our understanding of the spatial and temporal mechanisms of the visual system and potential differences in retinal structure, there appears to be increased prevalence of refractive errors, strabismus and oculomotor problems. Interestingly, despite potential deficits in the contrast sensitivity function for moderate spatial frequencies, the resolution of the visual system to high spatial frequencies appears to be intact. This is important, as even if alternative measures of visual acuity are required for the non-verbal persons with ASD, clinicians should expect good visual acuity.
However, there are several shortcomings in the current evidence in the research literature, and further cohort studies with larger sample sizes and robust definitions for selection of participants are required. Retrospective review of records, while useful, are limited to a selected population (often ophthalmology patients in a hospital setting) and such results cannot be extrapolated to the general ASD population. Prospective case-control cohort studies provide more robust data, but may also yield potential bias, as there may be a range of examiners, who may not be masked to the diagnosis of the participants, and require sufficiently large sample sizes to yield adequate statistical power. Precisely defined and described study protocols, appropriate control groups, and standardised autism diagnosis for recruitment of participants are necessary to minimise these issues.
This review also shows the value that measures of visual function, particularly in terms of eye movements, contrast sensitivity, and high-resolution imaging, may provide to further investigate the profile of ASD. Research studies have tended to approach this in two ways: either investigating perceptual framework models for ASD through higher visual processing measures, or investigating neurobiological constructs, for example in terms of visual attention, through eye movements, pupil responses and psychophysical measures. However, until recently, there has been a knowledge gap in lower-level visual functions in ASD and it is vital we have a comprehensive understanding of this to better understand how a child with ASD interacts and responds to the visual world.
Cerebral visual impairment is a leading cause of visual impairment associated with premature birth and intellectual disability. 124, 125 Cerebral visual impairment is defined as visual dysfunction arising from a neural insult and while this may manifest in reduced visual acuity and/or visual fields, visual perceptual dysfunctions are often reported. This can include difficulties with motion perception, prosopagnosia, and difficulties processing crowded visual scenes, often summarised as dorsal or ventral stream dysfunction. 126, 127 Given visual processing anomalies and dorsal stream vulnerability have been highlighted in ASD, 128 there is potential diagnostic overshadowing of these conditions. Many children with ASD may experience attentional, crowding and complexity issues, but may not be necessarily considered to have cerebral visual impairment, due to the difficulties in teasing apart what is 'autism' and what is 'vision'. Dutton 125 suggested that individuals with ASD, and in particular, those born prematurely, should be evaluated for evidence of cerebral visual impairment. From another viewpoint, ASD should also be considered when a child presents with visual impairment, and a recent systematic review reported a significantly higher risk for children with a visual impairment having an ASD diagnosis as well. 129 In such cases, a child would need to be referred to the appropriate ASD diagnostic service for investigation.
For the clinician, it is important to have an understanding of the individual with autism and to distinguish between behaviours that may be indirectly related to vision. Avoidance of eye gaze or seeking out types of visual stimulation can be common behaviours in ASD. Interestingly, while this review is considering the visual sensory process, atypical cross-linking with auditory processing has been reported. 130 A recent review 131 integrated current knowledge of sensory and social functioning in ASD. The authors note that sensation, perception and attention are inextricably linked, but the clinician's challenge is to delineate unpredicted or atypical responses to stimuli that may be perceived as a lack of perception. One such example of this is where an individual with ASD appears to gain stimulation/enjoyment from what we may perceive as a repetitive and boring task.
Small changes to clinical eye-care practice may make a big difference to creating an 'autism friendly' environment for eye examinations. 132 reported strategies to encourage good testability of vision in ASD, highlighting that quiet-time appointments, consistency of clinicians, and preparation using social stories help prepare the child for vision tests promoting a positive experience. However, every individual with ASD is different, and it is important to develop a flexible approach to best support their needs.
CONCLUSIONS
This review brings together different streams of research relating to vision in ASD, and while there are many gaps, a picture emerges of a group that require comprehensive eye examinations to ensure refractive error is corrected, oculomotor problems are identified and managed, and any reduction in visual acuity is investigated. While it will not be necessary in all cases, offering the opportunity for a familiarisation visit to a clinic or practice, coupled with information about what will happen at the eye examination, may be beneficial to effectively support and prepare the person with ASD.
The visual system, arguably the most important sensory system, is one where further research will be fruitful to 'join the dots' in our knowledge of autism. Diagnosis of autism is a complex and often arduous path, currently remaining reliant on parental input of behaviours, and observation by a clinical team. Any ways in which biomarkers of ASD are elicited in the visual system will be helpful to mitigate the often traumatic diagnostic experience for the child and parents.
